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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

Applicant: James A. Thomson Date: March 14, 2003 

Serial No.: 09/522,030 Group Art Unit: 1632 

Filed: 03/09/2000 Examiner: Joseph T. Woitach 

For SERUM FREE CULTIVATION OF PRIMATE File No.: 960296.96544 
EMBRYONIC STEM CELLS 

DECLARATION 

Commissioner For Patents 
Washington, DC 20231 

Dear Sir: 

I, James A. Thomson, on oath deposes and says that: 

1) I am the inventor of the above-identified patent application and make this 
declaration in support of this patent application. 

2) I understand that an issue being considered by the Examiner of this patent 
application is whether the effect of basic fibroblast growth factor (bFGF) on the culture of 
embryonic stem cells, as described in this patent application, is unique to bFGF or is an effect 
that could be achieved using other fibroblast growth factors. I believe that the effect is 
achieved by other fibroblast growth factors. 

3) Attached to this declaration is a paper by Ornitz et al, a paper cited in this 
patent application. On page 15296 of that paper is a table that shows that all nine fibroblast 
growth factors then known act, in varying degrees of intensity, on the same set of receptors. 
This data suggest to me that any of these nine fibroblast growth factors would have the same 



Received from < > at 3/19103 5:32:56 PM [Eastern Standard Time] 



-l- 



MAR 19 2003 16:32 FR GUABM£ BRADY TO 2873M1 70374651 P. 09/18 



biological effect on human embryonic stem cells, although some fibroblast growth factors 
might need to be applied at higher concentrations than others. FGF2 on the Ornitz table is 
bFGF, while FGF1 on the Omitz table is acidic fibroblast growth factor (aFGF). 

4) To further test my belief, I had experiments performed to test the effect of 
aFGF on human embryonic stem cell culture. Subcultures of human embryonic stem cells 
were made in my laboratory and were cultured in media containing commercial serum 
replacement and are of the following three conditions: (1) with aFGF, (2) with bFGF, or (3) 
with neither aFGF or bFGF. The cell cultures that resulted were photographed. A copy of 
that photograph is attached to this declaration. In the bottom set of pictures (labeled 20x) the 
ES cells cultured with aFGF and bFGF have identical morphology and appearance, typical of 
proliferating undifferentiated human embryonic stem cells, while the cell culture grown 
without either fibroblast growth factor has a morphology consistent with differentiation into 
other types of cells. 

5) When my laboratory was experimenting with using serum replacement 
products to culture stem cells in serum-free media, we tried other factors as additives to the 
serum-free media using serum replacement products, but did not achieve success except with 
a fibroblast growth factor. Other factors did not, in our hands, prove successful. For 
example, we attempted to culture human embryonic stem cells with serum replacement 
medium and with leukemia inhibitory factor (LIF) since LIF was known to aid in the serum- 
free growth of mouse embryonic stem cells. In our hands, LIF did not make any difference in 
the growth of human embryonic stem cells. 

6) I hereby declare that all statements made herein of my own knowledge are true 
and that all statements made on information and belief are believed to be true; and these 
statements were made with the knowledge that willful false statements and the like so made 

, punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United 
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States Code, and that such willful false statements may jeopardize the validity of the 
application, or any patent issuing thereon. 




QBMAD\351608.1 



Received from < > at 3/19/03 5:32:56 PM [Eastern Standard Time] 



-3- 



MAR 19 2003 16:32 FR QUARLES BRADY 



TO 2873089170374651 P. 11/18 



t1mJauuu.wBMUnK*LCunt»OT VoL »7l* Na 36, IUW CfJUfl* 31, ft* 1S292-15297, 199* 

Receptor Specificity of the Fibroblast Growth Factor Family* 

(Received for publication, January 31, 1996, and in revised form, March IS, 1996) 

David M- Onutetf , Jinghong Xut, Jennifer S. Calvin*, Donald G. McBwen*, Craig A- M&cArchur% 
Francois Coulierfl, Guangxia Gao**, and Mitchell Goldfarbtt 
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"Department of Biochemistry and Molecular Biophysics* Columbia University College of Physicians and Surgeons, 
New York, New York 10032, and the WB roo Md a tt Center for Molecular Biology, Mount Sinai School of Medicine, 
New York, New York 10029 



Fibroblast growth factors (FGFs) are essential mole- 
cules for mammalian development The nine known FGF 
Uganda and the four signaling FGF receptors (and their 
alternatively spliced variants) are expressed in specific 
spatial and temporal patterns. The activity of this sig- 
naling pathway is regulated by ligand binding specific- 
ity, heparan sulfate proteoglycans, and the differential 
signaling capacity of individual FGF receptors. To de- 
termine potentially relevant ligancVreceptor pairs we 
have engineered mitogenicaUy responsive cell lines ex- 
pressing the major splice variants of all the known FGF 
receptors. We have assayed the mitogenic activity of the 
nine known FGF ligands on these cell lines. These stud- 
ies demonstrate that FGF I is the only FGF that can 
activate all FGF receptor splice variants, Using FGF 1 as 
an internal standard we have determined the relative 
activity of all the other members of the FGF family. 
These data should serve as a biochemical foundation for 
determining developmental, physiological, and patho- 
physiological processes that involve FGF signaling 
pathways* 



Fibroblast growth factor (FGF*) 1 was identified as an activity 
that stimulates the proliferation of NIH3T3 cells (1). Currently, 
FGFs comprise a family of nine structurally related proteins 
(FGF 1-9). FGFs are expressed in specific spatial and temporal 
patterns and are involved in developmental processes, angio- 
ganesis, wound healing, and tumorigenesis (2-£), 

FGF* bind and activate high-affinity receptor tyrosuio ki- 
nases. The cloning of FGF receptors (FGFRs) has identified 
four distinct genes (6 -13). These receptors bind members of the 
FGF family with varying affinity (13-16), and alternative 
mRNA splicing leads to isoforms of these receptors which have 
unique ligaud binding properties (16, 17 t 18), An additional 
mgrh a iri g m regulating FGF activity involves heparin or hepa- 
ran sulfate proteoglycans, molecules which facilitate ligand- 
receptor interactions (12, 19, 20). FGFRs contain an extracel- 
lular ligand binding domain, a single transmembrane domain, 
and an intracellular tyrosine kinase domain, Ibe extracellular 
domain determines ligand binding specificity and mediates 
ligand-induced receptor dmierixation, Dimeritttion in turn re- 



• This work ww fuppgrted by Grant CA0O673 from the National 
bxtitutcs of Health and by the Bukmon Young Investigator Program 
(to D. M. OJ. The casta of publication of this article ware rfdrttyod in 
part by the payment of page charges. This article must therefore be 
hereby marked "adtHrtisemenT in accordance with 18 U.S.C. Section 
1734 ttldy to indicate this feet 

9 To whom cflrm*pond*nc« should be addressed. Td-; 3144624508; 
Pajc 814-382-7O50; B-nwih donut^harmdec.wu«t].eda. 

1 The abbreviations used are; FGF. fibroblast growth factor; FGFR, 
fibroblast growth factor receptor. 



suits in one or more trans-phosphorylation events and the 
subsequent activation of the receptor (21). 

Hie extracellular region of the FGFR contains three imrou- 
noglobulin-like (Ig-Uke) domains (6). Alternative mRNA splic- 
ing creates several forms of the FGF receptor which differ m 
their extracellular sequence and have unique ligand binding 
properties. One splicing event results in the skipping of exons 
encoding the amino-terrainal Ig-like domain (domain I) result- 
ing in a "short" two Ig-ljkp domain form of the receptor (22). 
The ligand binding properties of the short (two Ig-like domain) 
and long (three frlike domain) FGFRs are similar, 0 However, 
the short form of the receptor may have a higher affinity for 
some FGFs than the long form (23). Changes in this alternative 
splicing pattern may correlate with the progression of several 
tumors toward malignancy (34, 25). 

Another RNA splicing event utilizes one of two unique exons 
and results in three alternative versions of Ig-like domain Ul 
(referred to as domains Ilia. lllb. Die) in FGFRs 1-3 (15, 18, 
22). FGFRb containing alternatively spliced Ig-like domains 
Hlb (*b") and IIIc (V) are expressed on the cell surface and 
bind FGF ligands. The Ilia fa") splice form of the FGFR 
terminates within Ig-like domain III to yield a secreted extra* 
cellular FGF-binding protein with no known signaling capabil- 
ity (26). PNA encompassing the carboxyl -terminal half of Ig- 
like domain III in FGFRs 1, % and 3 have a remarkable 
conservation in both the number and arrangement of the in- 
tron/exon boundaries (18, 27-29). Expression of these receptor 
isoforms appears to bo regulated in a tissue-specific manner 
with b axon expression restricted to epithelial Hneages and c 
axon ex p ression restricted to mesenchymal hneages (29-33). 
Unlike FGFRs 1-3, FGFR 4 is not alternatively spliced in this 
region (34). 

Receptor binding specificity is an essential mechanism for 
regulating FGF activity. Specificity is detenroued by sequence 
differences among individual FGFRs, by alternative splicing, 
and by sequence differences among the nine FGF Uganda. 
Knowledge of the paired interactions between the nine known 
FGFs and the major splice forms of the four known FGF recep- 
tors is essential to begin to discern the functions of FGFs 
during development In this report we analyse the mitogenic 
activity of each FGF on BaF3 cell lines that express unique 
FGFRs. For the known FGFs. we have assembled the available 
published mitogenic activity data for B&F3 cells (36-37) and 
have filled in all the gaps for the remaining FGFs. We present 
a paired analysis of the activity of each FGF (1-9) on the b and 
c splice forms of the FGFRs 1-S end on FGFR 4. 



D. £1 Omits, M. Goldfarb, Sod A. Cbellaiah, unpublished data. 
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* V Bjriice forms wen used in thii analysis. 

* M, motive; H, human. 

■ Accession number* for sequences used in thii analysis. 

* Including 1 mmi rnnglnhnl i n-lika denial n it up to the tr&iu membrane domain. 



EXPERIMENTAL PROCEDURES 
MvUriaU— Human rpmrnhtnnnt FGF 1 was a gill Awn K. Thomas, 
Merck Inc.; human irambinanr FGF 2 WU « gift from J. Abraham, 
Stiot Nov* Inc.; mouse FGF S waa a gift from M. Mathieu and C 
Dickson and was purified from NIH3T3 cells expressing the murine 
FCF 3 cDNA.(35). Human recombinant FGF 4 waa a gift frank Genetics 
Institute Inc.; human recombinant FGF fi waa purified from Racks* 
richia coll as described (33). Human recombinant FGF 6 waa purified 
from B, coti aa deaoibed (39). Human recombinant FGF 7 waa a gift 
from Axngtn Inc.; mouse FGF 8b wos purified frun B> coli as described 
(£8); mouaa raeornbinant FGF 9 waa obtained from Pepro Tech Inc. (87), 
The source of the FOFR cDNAs are: FOFR lb (Iff), FGFR 1c (12), FGFR 
3b (40), FGFR 2c (16), FGFR 3b (18), FGFR 3o (141, and FGFR 4 (41). 

FOFR Rxpmion /Voim&is— FuIWcnglh cDNAt encoding the three 
immuDoglobulin-likg domain form of FGFRs lb, lc, 2b, and 3c Were 
cloned into the MIRB expression Vector a* described in Refs. 16, 36, and 
37. The FGFR 3 cDNAa were re-engincered to enhanco signaling in 
BaF3 eeus by constructing chimeric cDNAa encoding the extracellular 
region of FGFR 3 (used to the cDNA encoding the Intracellular region 
and tyrosine kinase domain of FGFR 1- FGFR 31c has the extracellular 
region from FGFR 3c (14) and the transmembrane domain and tyrosine 
kinase domain from FGFR t The cDNA sequence* were assembled 
using polymerase chain reaction-directed mutagenesis and polymerase 
chain reaction-inodiatcd ligations. The amine acid sequence joining 
FGFR 3c (bold) to FGFR 1 (plain) is ^TtlRAGr gLYLBl fTYCTGA -: the 
transmembrane domain ia underlined, the lower case "r" (Arg) is an 
exogenous amino add added in Uw cloning. FGFR 31b has the extra- 
cellular region and transmembrane domain derived from FGFR 3b (16) 
and the tyrosine kinase domain derived from FGFR L The amino acid 
sequBnc e join ing FGFR 8b (bold) to FGFR 1 (plain) is -WAAVlL- 
CRLKSGTKK-, the transmembrane domain ia underlined 

FR4/R1C and FR4d/RlC contain the extracellular domains of murine 
FGFR 4 and FGFR 4n, respectively, Aised to the transmembrane and 
cytoplasmic domains of murine FGFR 1 (41). The amino aeSd sequence 
joining FGFR 4 (bold) to FGFR 1 (plain) is -PKAttVT DniYCTOA -: the 
transmembrane domain is underlined. FGFft 4A is a mutated form of 
the FGFR 4 extracellular domain which lacks the Ig-tike domain I. The 
mutation Wa« designed to delete Ig-liko domain I at the precise bound* 
ariea where other FGFR genes exclude Ig-like domain I by the aJtema- 
1 tive splicing of their mRNA* A dipeptide alanine-proline (ap) replaces 
Ig-like domain I in FGFR 4A yielding the fusion Boquenca -AS- 
BEMBQapDSLTSIS-. Tb6 sequence derived from the signal peptide 
axon ia in bold type. FR47R1C and FR4A/R1C eDNAs Were inserted into 
the pMX expression vector (42). 

CtU Ctdturt and Mitogtnk Aljoyj— ^Suspension cultures of BaF3 
cells (43, 44) were maintained in RPMI 1640 modia (life Technologies, 
Inc.) supplemented with 10* neonatal bovine serum, 10% conditioned 
media from WEHM cells, ^glutamic*, and penid lUn-etreptomycin/p^ 
merxap(oc4hanol. To express FGFR* in BaFS cells, 10* cells were elac* 
troporatcd with 20 ug of Cfol linearised MIRB-FGFR pbumlds or 8fil 
linearised pMX-FGFR 4 plaamida as deacrihed previously (14, 19, 42). 
Cells were selected in media containing 000 p«Vml G418 (Life Technol* 
ogfes, Inc.) and 10% WE HI conditioned media for 10-12 days. Pools of 
transfected cells were checked for mitogenic responsiveness to FGF 1 
and then subdoned by limiting dilution. The clonal cell lines used in 
this study are designated FRlb-6 (FGFR lb), FRIc-Il (FGFR U), 
FR2b-7 (FGFR 2b), FR2o-2 (FGFR 2c), FR3 lbQ-3 (FGFR 3b), FR3lc-4 
(FGFR 3c) t FR4VR1CM (FGFR 4d). 

For mitogenic assays, RaF3 ctiis expressing specific FGFRs wore 
washed and rassspendBd in RPMI, 10% neonatal bovine Scrum, L- 
glutamine. 22,500 eella were plated per well in a 90-weIl assay plato in 
modia containing 2 jig/ml heparin. FGFs, diluted In m*dU containing 2 
ngftni heparin, were added to each well for a total volume Of 200 tuVwoJl. 



FGF receptor 



1b 1c 2b 20 3b 3c kDa 



-200 




Fltt* L FGF receptor expression in BaF3 cells. A. BaF3 cell lines 
expressing FGFRs 1*3 wore cress-linked to '"I-FGF 1 in the presence 
of heparin. B, BaFS cells expressing FGFR 4- FGFR 1 chimeric mole- 
cules were visualised by Western blotting with antibodies directed 
against the carbaxyl terminus of FGFR 1. 

The cell* were then incubated at 37 "C for 36-43 b> Tb Oach well, 1 p£i 
of PrQthymidine was added in 60 pi of madia. Cells were harvested 
after 4-6 h by filtration through glass fiber paper. Incorporated 
[ 3 H] thymidine was ceunted on a Wallac B plate acmtillation counter. 
Cell surface receptor crosa*linking studies and Western blots were done 
essentially aa described in Reft. 12 and 41. 

RESULTS 

FQFR&prewing Cell Line*— The BaF3 eel] line has been 
u&ed extensively to invBstig>te the activity of a variety of re- 
ceptor tyrosine kmases (id, 45-48). Ttaa cell line is dependent 
on interleukin 3 for growth. This dependence upon interleukin 
3 Can he replaced by Uganda for receptor tyrosine kinases if the 
appropriate receptor tyrosina kinase ia expressed in the BaFS 
cell (19 ( 45). Wild-type BaF3 cells do not express FGFRs (14, 
19, 41). However, BaFS cells tr&ngfeeted to express FGFRs can 
be propagated in the presence of PGP 41)» To determine the 
relative mitogenic activity of FGFa 1-9 on different FGFRs, 
BaF3 cell lines have been engineered to express each of the 
three Ig-like domain, b and c splice forms, of FGFRs 1-3 or the 
two Itf-Jike domain forms of FGFR 4. The FGFRs u$ed have 
been derived from either mouse or human cDNA clones. In the 
region encompassing Ig-like domain II to the transmembrane 
domain (the region thought to determine hgnnd binding spec- 
ificity) there is a high degree of sequence conservation between 
these two spedes (92-99%) (Table 0. It is therefore unlikely 
that species differences influence the ligand specificity of these 
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FQFRIg 



FlQ. % BaF3 oeD mftogento aacays- 
FGFR 1 4, PGFR lb expressing edit; & 
FGFR Ic mprefftog cell*. C. the lymbots 
(O, FQF 1 i a TOP 2; 0 , POP 8; A, FOP 4; 
w.FGFfcUFGF©: ♦.PGP 7; A, PGP 8; 
O, POP 9) are used to represent the nine 
FGPi in the mitogenic auays shown ia 
Figs. 2-6. 





Fto. 3. BaFS cell mitogenio assay* 
FGFR & A, PGFR 2b ekpresaing celts; B, 
FGFR 2c expressing cells. The symbols 
used to rtprwent PGPc are the sarao as 
those shown in Fig. 2. 



12 3 4 
IFGFJnM 



2 3 4 5 
[FGFJnM 



receptor*. Analysis of the FGFR-exp resting BaFS cell lines, by 
cross-linking of cell surface receptors to labeled FGF 1 or by 
Western blotting, dismonstratea that all cell lines express com- 
parable levels of cell surface receptor (Fig. 1). 

FOFR 1 nod 2 expressing-BaF3 cells consistently demon- 
strate a robust autogenic response to FGF, However, FGFR 3 
or FGFR 4 expressing cello respond poorly or not at all to FGF 
(18, 41).* To overcome this (liminished signaling capacity, chi- 
meric receptors were engineered to contain the entire extracel- 
lular domain of FGFR 3 and FGFR 4 and the tyrosine kinase 
domain of FGFR 1 (see "Experimental Procedures*). Compari- 
son of the specificity of fiiR-Iength FGFR 3 expressed in fiaF3 
cells forFGFa 1, 2, 4, 5, 6, and 7(18) to chimeric FGFR 3/FGFR 
1 (this study) demonstrates complete agreement (see below). 
We conclude that ligand binding specificity is determined by 
the extracellular domains of FGFRs and that chimeric recep- 
tors mimic their wild-type counterparts with respect to ligand 
binding specificity* 

For FGFRs 1-3 the long* or three Ig-like domain receptor 
was used. Unlike for FGFRs 1-3, B&F3 cells expressing the 
long form of FGFR 4/FGFR \ chimera demonstrate a signifi- 
cant mitogenic response to anionic polysaccharides, including 

a D, M. Ornitx, X Xu, G. Gao, and M, Goldfarb, unpublished data. 



heparin (42). Therefore, the two Ig like domain form of FGFR 4 
was used. This receptor has a small response to heparin alone 
But remains responsive to FGF. Preliminary analysis of the 
long and short forms of FGFRs 1 and 3 demonstrate no signif- 
icant difference in responsiveness to FGFs, although all nine 
FGFs have not been exaniined- 4 The long and short forms of 
FGFR 4 expressed in BaF3 cells show no significant differences 
in their ability to bind different FGFs, 5 

Mitogcnic Response to FGF— To directly compare the activity 
of each FGF with a single FGFR, dilutions of FGFs were si- 
multaneously assayed on FGFR-expressing BaF3 cell lines by 
monitoring ['HJthymidine incorporation into DNA after 36-43 
h (Figs. 2-5). All FGFs were hacierially expressed recombinant 
proteins except for FGF 3 f which has not been successfully 
expressed m bacteria. Hie FGFs tested were derived from 
either mouse or human clones, Sequence conservation between 
mouse and human varies between 80 and 100% amino acid 
identity (Table II). The higher seoiience variability between 
FGFs 3, 4, and 5 can be accounted for in part by divergence in 
the region of the Sequence encoding the signal peptide (FGF 4 
and 5) and the extreme carboxyl terminus (FGF 3 and 6). 



4 A. Chellaifth and D. M. Onritx, unpublished t 
8 G. Cao and M. CMdGu'b, vnpublisbod data. 
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Fl<L 4. BaF3 cell mitogenic assay* 
FGFR S. A, FOF& 3b expressing cells; B t 
FGFR 3c expressing cell*. Tho symbols 
used to represent FGFs Are tho same as 
(hose tbovrn in Fig. X 




12 3 4 
[FGF} nM 



2 

iFGFlnM 



FGFR4A 




(FQFJnM 

Fic 6. BaFS cell mitogenlo assays using celle expressing the 
two Ig-like domain Jbnu of FGFR 4. Tho Symbols used to represent. 
FGFj are the flame as those shown la Fig, 2, 



Concentrations of FGFs ranging from 6 nM to 20 px were used 
for these assays. The concentration of heparin, a cofactor' re- 
quired for FGF activity in BaF3 cells (14, 19, 37) was held 
constant at a concentration of 2 pgfal. This concentration of 
heparin is optimal for FGF 1 and FGF 9 (14, 37, 49) and does 
not demonstrate any inhibitory activity toward FCF2 (data not 
shown). Half-maximal activity for the most active FGFs was in 
the range of 20-300 pM, consistent with the established affin- 
ities of the FGFRs for ligand (7, 16). Consistent with previous 
data in other systems (7, 14-16, 18, 19, 26, 84, 40. 41, 50-65), 
all forms of FGFRs expressed in BaF3 cells respond to FGF 1. 

To assess the relative mitogenic activity of FGFs on individ- 
ual FGFR splice variants and to make comparisons between 
different FGF receptors, we normaHxed the data in Figs. 2-6 to 
that of FGF 1, To reduce sampling error, the relative mitogenic 
activity for each ligand was averaged at two different concen- 
trations (312 pM and 1260 p m) (Table UD. Hie concentrations 
chosen were such that the autogenic activity was as high as 
possible, yet the cells were still in near-log phase growth 
throughout the assay. Recalculating these comparisons at 78 
and 312 dm does not significantly change the overall compari- 
son of FGF activity. We interpret a significant mitogenic re* 
sponse as any value greater than 10% of the activity of FGF 1. 



TTie mitogenic activity reported here is in general agreement 
with the reported receptor binding properties of FGFs. How- 
ever, there are some notable exceptions. Binding studies on 
FGFR 4 demonstrate that FGF. 2 binds with 10-fold lower 
affinity than FGF 1 (34), whereas our data indicates that FGP 
1 and FGF 2 have similar mitogenic activities (Fig. 5). Simi- 
larly, soluble FGFR 3c does not bind FGF 2 (14, 13), whereas 
BaFS cells expressing FGFR 3c molecules responds equally 
well to both FGF 1 and FGF 2 (Ret 13; Fig. 4b). The mitogenic 
data must therefore be interpreted m the context of .the BaF3 
cell, the assay conditions used (which include 2 Mg/ml heparin) 
and the absence of endogenous heparan sulfate proteoglycans 
on the BaFS cell surface. Different col] types, heparin concen- 
trations, and heparan sulfate proteoglycans may modify the 
relative specificities reported here. 

DISCUSSION 

FGFs compose a family of growth factors that play key roles 
in a variety of developmental events* Many of the FGFs are 
expressed only in embryonic tissues. However, some of the 
FGFs continue to be expressed in adult tissues and may be 
important for maintaining normal tissue homeostasis. FGFs 
are also involved in mediating a physiological response to in- 
jury (3). Diffusion of FGFs from their site of synthesis is limited 
by their affinity far cell surface and extracellular matrix hepa- 
ran sulfate (66). Therefore, the tissue-specific expression of 
FGFs and FGF receptors are critical factors that regulate the 
activation of the FGF receptor signaling pathway. 

Ectopic expression of an FGF ligand or aberrant splicing of 
an FGF receptor can result in the activation of an autocrine 
s i gnalin g pathway and ensuing uncontrolled cell proliferation. 
Consistent with this, several of the FGFs are oncogenic when 
aberrantly expressed in humans or mice (57-59). Additionally, 
switching in expression from FGFR 2b to FGFR 2c has been 
implicated in the progression of prostate cancer from a non- 
malignant, stromal-dependent, epithelial tumor to an invasive, 
stnmui^mdependent, undifferentiated tumor (32). This splice 
form change alters the figand binding profile of FGFR 2 for 
both FGF 2 and FGF 7. Coincident with the change in receptor 
expression, up-regu2ation of alternative Uganda such as FGF 2 
has been observed within these epithelial cells (32). 

All seven FGFR-expressmg BaF3 cell lines respond to FGF 1. 
This observation is consistent with previously published data 
(7, 14-16, 18, 19, 26, 40, 50^65), FGF 1 thus appears to be a 
universal FGFR ligand and may functionally define a core 
FGF-binding domain. FGF 1 was therefore used as a positive 
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Tabu III 

Rdatiix mitogen ic activity ofFQF* 1-9 
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control and to normalize the nutogem'c activity of the other 
FGFs. Notably, no other PGP Jigand could activate ail FGFRs. 

The expression patterns of FGF receptors 1, 2, and 3 are 
distinct and analysis of the alternative splicing pattern of these 
receptors demonstrates that the utilisation of either the b or c 
camn is dependent upon cell lineage. *Hie b exon appears to be 
expressed in epithelial tissues while the c exon is expressed in 
mesenchymal tissues (29, 32, 33). *Jhe activity of several of the 
FGFs toward FGFR isofonns can be divided along these lines, 
FGF 3 activates the b splice ftrms of FGPRs 1 and 2, and PGP 
7 activates the b splice form of FGFR 2. Expression studies 
demonstrate that FGF 3 and FGF 7 are expressed in mesen- 
chymal tissues and thus may be paracrine effectors of the 
overlying epithdia (60-62). In contrast, FGFs 4» 6, 6. and 8 
specifically activate c receptor splice forma. Expression studies 
localize FGF 8 to epithelial tissues and thus FGF 8 may be a 
paracrine inducer of underlying mesenchyme (36, 63, 64). FGFs 

4, 5, and 6 are expressed in both epithelial and mesenchymal 
lineages and may therefore have either autocrine or paracrine 
roles (66-68). FGFs 2 and 9 preferentially activate c splice 
forms; however, FGF 2 shows some activity toward FGFR lb, 
and FGF 9 shows some activity toward FGFR 3b. like FGFs 4, 

5, and 6, these FGFs may have both autocrine and paracrine 
roles. 

The diversity in the binding specificity of FGF receptors for 
FGFs dearly can lead to a large combinatorial set of possible 
interactions. In addition to the interactions shown in Table III, 
heterodtmers may form between FGF Uganda and between 
PGP receptors. Heterodimers may further increase the reper- 
toire of interactions between FGFs and FGF receptors. Fur- 
thermore, the interaction* of FGF iigands with heparan sulfate 
proteoglycans may further affect specificity toward FGF recep- 
tors. The concentration of heparin chosen for these studies was 
such that the activity of FGFs that are known to require rela- 
tively high heparin concentrations is optimal Also, at this 
concentration, heparin is unlikely to have significant inhibitory 
activity toward an FGF since the maximum mitogenic activity 
of individual FGFs is comparable to that of FGF 1 on one or 



more of the receptor-specific cell lines. With these caveats in 
mind, this study is nevertheless the first attempt to compare 
the receptor-spediicity of all the FGFs under identical experi- 
mental conditions. The important next step will be to deter- 
mine which ligand-receptor pairs are important in develop- 
ment, in tissue homeostasis and in disease. 
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